Listeria monocytogenes is a facultative intracellular bacterial pathogen that causes serious disease in immunocompromised individuals, pregnant women, and neonates. Bacterial virulence is mediated by the expression of specific gene products that facilitate entry into host cells and enable bacterial replication; the majority of these gene products are regulated by a transcriptional activator known as PrfA. L. monocytogenes strains containing prfA E77K or prfA G155S mutations exhibit increased expression of virulence genes in broth culture and are hypervirulent in mice. To define the scope of the influences of the prfA E77K and prfA G155S mutations on L. monocytogenes pathogenesis, multiple aspects of bacterial invasion and intracellular growth were examined. Enhanced bacterial invasion of host epithelial cells was dependent on the expression of a number of surface proteins previously associated with invasion, including InlA, InlB, and ActA. In addition to these surface proteins, increased production of the hly-encoded secreted hemolysin listeriolysin O (LLO) was also found to significantly enhance bacterial invasion into epithelial cell lines for both prfA mutant strains. Although prfA E77K and prfA G155S strains were similar in their invasive phenotypes, the infection of epithelial cells with prfA E77K strains resulted in host cell plasma membrane damage, whereas prfA G155S strains did not alter plasma membrane integrity. Bacterial infection of human epithelial cells, in which the production of LLO is not required for bacterial entry into the cytosol, indicated that prfA E77K cytotoxic effects were mediated via LLO. Both prfA E77K and prfA G155S strains were more efficient than wild-type bacteria in gaining access to the host cell cytosol and in initiating the polymerization of host cell actin, and both were capable of mediating LLO-independent lysis of host cell vacuoles in cell lines for which L. monocytogenes vacuole disruption normally requires LLO activity. These experiments illuminate the diverse facets of L. monocytogenes pathogenesis that are significantly enhanced by the constitutive activation of PrfA via prfA mutations and underscore the critical role of this protein in promoting L. monocytogenes virulence.
Listeria monocytogenes is a gram-positive intracellular bacterial pathogen responsible for serious infections in immunocompromised individuals, pregnant women, and neonates (17, 26, 48) . The bacterium is capable of invading and replicating within the cytosol of a wide variety of mammalian cell types, including macrophages, fibroblasts, endothelial cells, and epithelial cells (62) . Invasion of different cell types is mediated by a number of bacterial surface proteins, including ActA, InlA, and InlB, which bind to specific host cell receptors and initiate signaling cascades to promote bacterial entry (12, 13, 29, 57) . After invasion, the bacteria escape from membrane-bound vacuoles into the cell cytosol, where replication occurs followed by spread of the bacteria to infect adjacent cells (44, 60) . Vacuole escape is mediated by listeriolysin O (LLO) and two phospholipases, a phosphatidylinositol-specific phospholipase C (PI-PLC) and a broad specificity phospholipase, PlcB (10, 32, 38, 49, 55) . Not all of the factors that mediate vacuole lysis are required for vacuole escape in all cell types. For example, while LLO is required for the escape of bacteria from the vacuoles or phagosomes of mouse cell lines and primary macrophages, PlcB is sufficient for mediating bacterial escape in human epithelial cell lines (23, 27, 32, 38, 49) . Bacteria that are unable to reach the cytosol of infected host cells do not replicate and are severely attenuated in animal models of infection.
The majority of L. monocytogenes virulence genes that have been identified to date are regulated by a transcriptional activator known as PrfA, a member of the Crp/Fnr family of regulatory proteins (33) . PrfA, like Crp and Fnr, is thought to require the binding of a small molecule cofactor or some form of posttranslational modification for full activity (51, 63) . PrfA recognizes and binds to a 14-bp palindromic DNA sequence located in the Ϫ40 region of target promoters (21) . The environmental signal that leads to activation of the PrfA protein and full expression of L. monocytogenes virulence genes has not yet been established, although a number of conditions have been described that significantly alter virulence gene expression (for example, pH, temperature, and available carbon sources) (3, 4, 6, 11, 30, 33, 42, 46) . PrfA activation appears to occur within the cytosol of infected host cells, since maximum expression of a number of PrfA-regulated genes is induced within this environment (8, 43, 53) .
Previous studies designed to identify gene products that contribute to the induction of intracellular bacterial gene expression led to the identification of two L. monocytogenes mutant strains that contained amino acid substitutions within PrfA that appeared to lock the protein into its activated state (54) . Broth-grown cultures of bacteria containing either prfA E77K or prfA G155S mutations exhibited high-level expression of gene products that normally are induced within the cytosol of infected host cells. prfA E77K and prfA G155S mutants were more invasive for epithelial cell lines and were fully virulent in a mouse model of infection, with the prfA G155S mutant exhibiting enhanced virulence (54) . We therefore sought to examine the effects of the prfA E77K and prfA G155S mutations on multiple facets of L. monocytogenes pathogenesis to define which aspects of infection were enhanced by the mutational activation of PrfA.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in the present study are listed in Table 1 . L. monocytogenes 10403S (serotype 1/2a) is resistant to streptomycin, has a 50% lethal dose for mice of 2 ϫ 10 4 (20) , and was the parent strain used for the construction of all mutant strains. L. monocytogenes strains were grown on brain heart infusion (BHI; Difco Laboratories, Detroit, Mich.) agar plates or in BHI broth and were stored at Ϫ70°C in BHI broth containing 20% glycerol. Escherichia coli strains were grown on Luria-Bertani (LB) agar plates or in LB broth (Invitrogen, Carlsbad, Calif.). Antibiotics were used as indicated at the following concentrations: carbenicillin at 50 g/ml and chloramphenicol at 10 g/ml.
Construction of L. monocytogenes mutant strain derivatives. The introduction of the prfA E77K or prfA G155S mutations into L. monocytogenes strains containing in-frame deletions of actA, hly, or inlA or a dual deletion of inlA and inlB was carried out by using allelic exchange as previously described (10, 18) . Briefly, pKSV7-derivative plasmid vectors (56) containing the prfA E77K (pNF768) or the prfA G155S (pNF771) mutation (54), along with flanking sequence to facilitate homologous recombination into the correct location within the L. monocytogenes chromosome, were introduced by electroporation into strains DP-L1942 (⌬actA) (7), DP-L2161 (⌬hly) (31), DP-L4405 (⌬inlA) (2), and DP-L4404 (⌬inlA ⌬inlB) (2). In-frame deletions within plcB in L. monocytogenes prfA E77K (NF-L924) and prfA G155S (NF-L948) strains were constructed by using plasmid pDP1888 (55) , which contains an in-frame deletion of plcB in conjunction with DNA flanking sequences for allelic exchange via homologous recombination. For all strains single-copy gene replacement was carried out by allelic exchange as described previously (10, 18) . Introduction of ⌬plcB into NF-L1051 (prfA E77K actA-gus ⌬plcB) and NF-L1052 (prfA G155S actA-gus ⌬plcB) was verified by confirmation of loss of lecithinase activity on egg yolk agar. All mutations were verified by DNA sequence analysis of PCR products derived from L. monocytogenes genomic DNA.
Detection of LLO and PlcB activity. Stationary-phase bacteria were diluted 1:10 into BHI medium and grown at 37°C for 5 h with shaking. The supernatant fluid was assayed for hemolytic activity as previously described (9) . plcB-dependent phospholipase production was visualized by using an egg yolk overlay agar plate assay. Chicken egg yolk was added in a 1:1 (vol/vol) ratio to phosphatebuffered saline (PBS) and vortexed to generate a suspension. Then, 5 ml of egg yolk suspension was added to 100 ml of molten LB medium (45°C to 48°C) and 3 ml of egg yolk-agar suspension was overlaid onto an LB agar plate. After solidification of the medium, bacterial strains were gently streaked onto the surface of the plate and incubated at 37°C for 48 h. Phospholipase activity was detected as a zone of opacity surrounding bacterial streaks.
L. monocytogenes intracellular growth in Henle 407 and PtK2 epithelial cell lines. The cell lines used in these studies were the human-derived epithelial cell line Henle 407 and the Potoroo tridactylis kidney epithelial cell line PtK2 maintained as previously described (55, 58) . L. monocytogenes infection of Henle 407 or PtK2 cells grown as monolayers on acid-washed coverslips was carried out as previously described (54) . Briefly, L. monocytogenes cultures were grown at 37°C overnight and washed with PBS prior to infection. After 60 min of infection, cell monolayers were washed three times with 37°C PBS, followed by the addition of 37°C Dulbecco modified Eagle medium (Gibco-BRL, Rockville, Md.) plus 10% fetal bovine serum. Gentamicin was then added at a final concentration of 10 g/ml to kill any remaining extracellular bacteria. Coverslips were removed at the indicated time points postinfection, cell monolayers on each coverslip were lysed by vortexing for 10 s in 5 ml of sterile water, and dilutions of the cell lysate were plated on LB plates. Bacterial CFU were determined after overnight incubation at 37°C on LB plates for each strain in triplicate.
L. monocytogenes association with host cell actin. L. monocytogenes strains were grown to stationary phase at 37°C overnight in BHI broth. Bacteria were washed with PBS prior to infection of Henle 407 and PtK2 cell monolayers as described above. A multiplicity of infection (MOI) of ca. 300:1 was used for the infection of host cells with strain DP-L2161 (⌬hly) and an MOI of ca. 30:1 for NF-L1051 and NF-L1052. The difference in MOIs used for DP-L2161 versus NF-L1051 and NF-L1052 strains was used to enhance the detection of any DP-L2161 bacteria that might have gained access to the host cytosol (NF-L1051 and NF-L1052 strains are more efficient than DP-L2161 at mediating cytosol entry and actin polymerization; hence, these strains were easily detected associated with actin at 7 h postinfection.) Coverslips containing infected cell monolayers were removed at 7 h postinfection and processed for fluorescence microscopy as follows: cell monolayers were fixed by placing a drop of 3.7% formaldehyde in PBS on the coverslip, followed by incubation at room temperature for 10 min. Coverslips were washed by dipping into sterile PBS, and then host cells were permeabilized with 100 l of PBS plus 0.1% Triton X-100 for 10 min, followed by an additional PBS wash. An aliquot (100 l) of NBD-phallacidin (Molecular Probes, Eugene, Oreg.) diluted 1:20 into PBS was placed on each coverslip for 20 min at room temperature, and coverslips were then washed by dipping into PBS. A 100-l aliquot of rabbit polyclonal anti-Listeria antibody (Difco) diluted 1:320 in PBS was then added to each coverslip, followed by a 30-min incubation at room temperature. Tetramethylrhodamine goat anti-rabbit immunoglobulin G (H ϩ I) conujugate (Molecular Probes) was used as a secondary antibody to visualize bacteria. After incubation with the secondary antibody, the coverslips were rinsed in PBS, mounted in Permafluor mounting medium (Immunon, Pittsburgh, Pa.) and allowed to cure in the dark overnight. Bacteria were counted in association with at least 50 randomly chosen infected host cells in at least 10 different fields. Infected cells were assigned into one of two categories: those with five or fewer bacteria associated per host cell and those with Ͼ5 bacteria associated per host cell. The two categories were established to facilitate a working distinction between cells in which bacterial replication was likely to have occurred by 7 h postinfection (cells with Ͼ5 bacteria associated per cell) and cells in which bacterial replication was less likely to have occurred (cells with Յ5 bacteria associated per cell). Bacteria were considered to be positive for actin association if they were surrounded by actin (actin halos, an early step in polymerization) or were associated with actin tails.
Detection of Henle 407 cell membrane perturbation after infection with L. monocytogenes. Henle 407 human epithelial cells were grown as cell monolayers on acid-washed coverslips for 2 days prior to infection. L. monocytogenes bacterial cultures were grown to stationary phase in BHI broth culture at 37°C overnight, washed with PBS, and then used to infect cell monolayers at the indicated MOI (Table 2) . At 1 h postinfection, coverslips were washed three times with PBS, and epithelial cell membrane integrity was assessed by using the LIVE/DEAD Viability/Cytotoxicity Kit for animal cells (Molecular Probes) according to the protocol recommended by the manufacturer. Briefly, coverslips were incubated at room temperature for 20 to 30 min with 100 l of a solution generated by the addition of 2 l of ethidium homodimer and 0.5 l of calcein AM to 1 ml of PBS. After incubation, coverslips were inverted onto glass slides, the edges were sealed with nail polish, and cells were observed for fluorescence within 1 h with a Nikon Microphot FX microscope equipped with a Photometrics Sensys camera and META-MORPH software. At least 50 cells were examined in 20 independent fields, and each experiment was repeated three times.
RESULTS
PrfA-regulated surface proteins contribute to L. monocytogenes prfA E77K and prfA G155S hyper-invasion. The expression of multiple PrfA-dependent gene products has been shown to be elevated in strains containing prfA E77K or prfA G155S mutations (54) . LLO-associated hemolytic activity was increased ϳ17-fold for both mutant strains, and increased secretion of PlcB-associated phospholipase was readily detectable ( Fig. 1) . Interestingly, although the prfA G155S strain secreted levels of hemolytic activity comparable to those of prfA E77K strains, much greater levels of PlcB-associated phospholipase activity were produced. The expression of actA, inlA, and inlB has been shown to be significantly increased in prfA E77K and prfA G155S mutants (54) , and each of these surface proteins has been shown to contribute to the invasion of L. monocytogenes into specific cell types (5, 22, 41, 57) . To assess the relative contributions of ActA, InlA, and InlB to the increased invasive capacity observed for the L. monocytogenes prfA mutants in epithelial cell lines, in-frame deletions of actA and inlA and a double inlA inlB deletion mutation were introduced into prfA E77K and prfA G155S strains, and bacteria were monitored for their ability to invade and replicate within two cell lines routinely used for L. monocytogenes cellular infections, Henle 407 human intestinal epithelial cells and PtK2 Potoroo tridactylis kidney epithelial cells (14, 27, 34, 35, 38, 52, 65) .
Differences in the invasive capacity of the mutant strains were measured at 3 h postinfection; bacterial CFU recovered at this time point primarily represent bacterial invasion versus intracellular replication since the intracellular doubling times of the L. monocytogenes mutant strains were equivalent to wild FIG. 1. Increased production of LLO and PlcB by L. monocytogenes prfA E77K and prfA G155S strains. PlcB-associated phospholipase activity was assessed for wild type, prfA E77K, and prfA G155S strains after 48 h of culture growth on LB plates overlaid with 5% egg yolk. Phospholipase activity is detectable as zones of opacity surrounding bacterial streaks. LLO-associated hemolytic activity was determined from bacterial culture supernatants and is expressed as the reciprocal of the dilution at which 50% lysis of sheep erythrocytes was observed. Fig. 2A) . ⌬inlA strains were also reduced in their invasive capacity for PtK2 cells (Fig. 2B) , and the ⌬inlA ⌬inlB double mutant was slightly less invasive than the ⌬inlA single mutant. In contrast, the loss of the inlA gene product in the prfA G155S mutant strain resulted in no significant decrease in bacterial invasion of Henle 407 cells but exhibited an approximately 10-fold decrease in invasion of PtK2 cells (Fig. 2) . The ⌬inlA ⌬inlB prfA E77K strain was dramatically less invasive than the prfA E77K parent strain in both cell types (Fig. 2) . These results strongly suggest that the increased expression of the inlB gene product was a major contributor to the increased invasive capacity of the prfA E77K mutant strain for Henle 407 cells and that both InlA and InlB contributed to bacterial invasion of PtK2 cells. The PrfA-regulated surface protein ActA has also been reported to facilitate L. monocytogenes invasion of host cells through interactions with a heparin sulfate-binding protein (1, 57) . Although no significant decrease in invasion was observed for strains lacking actA in the presence of the wild-type prfA allele (Fig. 3) , both ⌬actA prfA G155S and ⌬actA prfA G155S strains were found to have reduced invasive capacity for human epithelial cells but still remained significantly more invasive than wild-type bacteria (Fig. 3) . These data support a role for ActA in invasion when the protein is expressed at high levels on the bacterial cell surface, a situation that might occur if cytosolic bacteria were released into the extracellular milieu after host cell lysis.
LLO increases the invasive capacities of prfA E77K and prfA G155S strains. Recent reports have implicated a role for LLO in mediating bacterial invasion of host epithelial cells (16) . LLO has been reported to induce the mobilization of extracellular Ca 2ϩ into host cells and to activate downstream Ca 2ϩ -dependent signaling pathways that are required for efficient cell invasion (16) . To investigate the influences of LLO on the invasion and intracellular growth of prfA mutant strains within Henle 407 human epithelial cells, monolayers were infected with wild-type, prfA E77K, and prfA G155S L. monocytogenes strains and the corresponding hly deletion strains, and bacterial CFU were monitored at specific time points postinfection ( (Fig. 4) . Both prfA E77K and prfA G155S strains were hyperinvasive for host cells; however, invasion was reduced to wild-type levels for both strains in the absence of LLO (Fig. 4) . LLO augmentation of invasion was therefore much greater for the mutants than for bacteria expressing wild-type levels of the protein.
L. monocytogenes prfA E77K damages host cell plasma membranes. It was observed in several experiments that bacterial CFU recovered from either Henle 407 or PtK2 cells infected with prfA E77K decreased beginning ca. 7 h postinfection (Fig.  4) (K. Mueller, unpublished data). A similar phenomenon has been reported for several other L. monocytogenes mutant strains (15, 25, 37) , and in each case the mutant strain was shown to be cytotoxic to the infected host cell, resulting in the loss of host cell membrane integrity and an influx of gentamicin that led to bacterial killing. To determine whether bacterial infection with prfA E77K strains affected host cell membrane integrity, Henle epithelial cells were infected with wild type, prfA E77K, or prfA G155S bacterial strains and monitored for cell viability (esterase activity) or loss of membrane integrity (influx of ethidium homodimer) (Fig. 5) . Bacterial infection of Henle 407 cells with either wild-type L. monocytogenes or the prfA G155S mutant resulted in no visible change in cell membrane permeability or cell viability, as indicated by the ability of infected cells to metabolize calcein AM and exclude ethidium homodimer (Fig. 5) . When equivalent numbers of prfA E77K bacteria were used to infect Henle cells, evidence of host cell cytotoxicity was observed. Infected host cells were permeable to the ethidium homodimer, as evidenced by nuclear staining at 2 h postinfection (Fig. 5) . The L. monocytogenes prfA E77K mutant did not appear, however, to kill all infected host cells at 2 h postinfection since the examination of monolayers at 5 h postinfection revealed that Ͼ95% of the infected cells exhibited full plasma membrane integrity, as evidenced by the exclusion of ethidium homodimer (Mueller, unpublished). These observations suggested that cells infected with prfA E77K initially sustained damage to the plasma membrane but that this damage was reparable. At 7 h postinfection, monolayers of prfA E77K-infected cells once again exhibited signs of cytotoxicity, leading to disruption of the monolayer (Mueller, unpublished). Plasma membrane damage was not evident in J774 mouse macrophage-like cells infected with prfA E77K, and the . These data suggest that the membrane perturbations induced by prfA E77K are most readily detected in epithelial cells. Since prfA E77K and prfA G155S strains are similar to one another in their ability to invade epithelial cells ( Fig. 2 and 3) , the membrane damage associated with prfA E77K cannot be ascribed solely to increased numbers of intracellular bacteria. Two PrfA-dependent gene products have previously been associated with host cell cytotoxicity. Bacteria expressing altered forms of LLO (15, 25, 37) or high levels of PlcB within the cytosol of infected host cells (39) have been shown to elicit plasma membrane damage. To determine whether altered expression of LLO and/or PlcB by the prfA E77K strain was responsible for host cell membrane perturbations, prfA mutant strains containing deletions in hly or plcB were constructed and used for the infection of Henle 407 epithelial cells. Loss of host cell plasma membrane integrity was monitored at 2 h postinfection in response to increasing numbers of bacteria used for infection (Table 2) . For wild-type L. monocytogenes, an MOI of 100:1 generally resulted in approximately one intracellular bacterium per epithelial cell (K. Mueller and N. Freitag, unpublished data). Host cell membrane damage was only observed at very high MOI (Ͼ900:1) for wild-type L. monocytogenes or for prfA G155S strains (Table 2) . No plasma membrane damage was observed when cells were infected with either strain at an MOI of 231:1. Membrane damage was dependent upon the expression of LLO; the MOI could be increased to more than 1,000 CFU per cell in the absence of LLO, with no apparent host cell membrane disruption (Table 2 ). In contrast, the infection of Henle 407 cells with prfA E77K at an MOI of 137:1 resulted in host cell membrane damage for Ͼ95% of the cells within the monolayer. The elimination of plasma membrane perturbations elicited by prfA E77K strains required the use of an MOI as low as 46:1 (Table 2) . prfA E77K-associated damage to the host cell plasma membrane was dependent upon the presence of LLO and was not significantly influenced by PlcB. These data indicate that the deregulation of LLO production by PrfA E77K contributes to the transient membrane damage inflicted by L. monocytogenes prfA E77K mutants on infected host cells. Since prfA E77K and prfA G155S produced equivalent levels of LLO activity during growth in broth culture (both in BHI broth and in BHI broth treated with activated charcoal, a condition that induces hly expression) (Fig. 1) (Mueller, unpublished), these data suggest that prfA E77K strains may differ from prfA G155S strains with respect to production of LLO within the cytosol. Alternatively, prfA E77K strains may differentially express a separate factor that works in concert with LLO to promote membrane damage in infected host cells.
prfA E77K and prfA G155S strains are enhanced for escape from host cell vacuoles. While investigating the effects of LLO production on prfA mutant invasion, bacterial infections of PtK2 cells were monitored in addition to the infections of human epithelial cell lines. Surprisingly, it was observed that in contrast to the infection of PtK2 cells with ⌬hly strains, in which bacteria remained trapped within host cell vacuoles, ⌬hly prfA E77K and ⌬hly prfA G155S mutant strains were capable of vacuolar escape and cytosolic replication in PtK2 . At 1 h postinfection the monolayers were washed with PBS, and gentamicin was added to kill any extracellular bacteria. At 5 h postinfection (⌬hly prfA E77K and ⌬hly prfA G155S strains) and 7 h postinfection (⌬hly strain) monolayers were fixed, permeabilized, and stained for L. monocytogenes with an anti-Listeria antibody and tetramethylrhodamine goat anti-rabbit conjugated secondary antibody to detect bacteria (red) and with NBD-phallacidin to detect F-actin (green). No DP-L2161 were detected associated with host cell actin, despite the increased numbers of bacteria used for infection. In contrast, F-actin comet tails were found associated with ⌬hly prfA E77K and ⌬hly prfA G155S, indicating entry of these strains into the host cell cytosol.
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on July 6, 2017 by guest http://iai.asm.org/ cells (Fig. 6) . prfA E77K and prfA G155S mutants associated with actin tails within the cytosol of infected PtK2 cells were readily detectable (Fig. 6 ). To quantitatively assess the ability of the prfA mutants to mediate escape from PtK2 vacuoles in the absence of LLO production, PtK2 cells were infected with L. monocytogenes ⌬hly, ⌬hly prfA E77K, and ⌬hly prfA G155S bacterial strains and then examined for cytosolic localization by monitoring for bacterial association with host cell actin (Table 3) . PtK2 cells were examined at 7 h postinfection, and infected cells were assigned to one of two populations to facilitate comparison: those with Յ5 bacteria per cell and those with Ͼ5 bacteria per cell. PtK2 cells with Յ5 bacteria per cells were considered as likely to reflect populations of cells in which bacteria were either inefficient at escape or unable to escape cell vacuoles and thus gain access to the cytosol. Consistent with this assumption, this population was largest for cells infected with the L. monocytogenes ⌬hly strain, and no ⌬hly bacteria were observed associated with F-actin (Table 3) . A large number of PtK2 cells infected with ⌬hly prfA E77K or ⌬hly prfA G155S also contained Յ5 bacteria; however, a small percentage of these cells contained bacteria associated with actin (ca. 4% of cell-associated bacteria) ( Table 3) . A significant population of ⌬hly prfA E77K or ⌬hly prfA G155S straininfected cells (14 to 34%) contained Ͼ5 bacteria and, of these, 50% of the bacteria associated with the cells stained positive for F-actin (Table 3) . These results indicate that although the loss of LLO activity reduces the overall efficiency of vacuolar escape for the prfA mutant strains, the presence of the prfA mutations confers upon the bacteria the ability to gain access to the cytosol in a cell line in which bacterial escape is normally strictly dependent upon LLO. LLO-independent escape of the prfA mutant strains was not observed in the mouse macrophage-like cell line J774, and the mutants failed to form plaques indicative of intracellular growth and cell-to-cell spread in the murine L2 fibroblast cell line (Mueller, unpublished), indicating that the vacuoles of these cell types remained resistant to lysis in the absence of LLO production.
The ability of ⌬hly prfA E77K and ⌬hly prfA G155S strains to enter the cytosol of PtK2 cells suggested that these strains had an enhanced capacity for vacuole escape that might also be expected contribute to more efficient vacuole membrane lysis in other cell types. To examine this possibility, Henle 407 human epithelial cells were infected with ⌬hly, ⌬hly prfA E77K, or ⌬hly prfA G155S strains, and the bacteria were monitored for association with F-actin. Twenty to thirty percent more ⌬hly prfA E77K and ⌬hly prfA G155S bacteria were observed associated with F-actin in comparison to ⌬hly strains ( Table 3 ). The increase in the numbers of bacteria associated with F-actin for the mutant strains probably reflects not only an increased efficiency in bacterial escape from host cell vacoules (as suggested by bacterial escape in PtK2 cells) but also the immediate presence of ActA on the bacterial cell surface that would alleviate the need for cytosolic induction of ActA expression.
DISCUSSION
The expression of gene products required for L. monocytogenes virulence is regulated by the activation state of PrfA. In the absence of PrfA, the expression of key virulence gene products is effectively eliminated and L. monocytogenes is essentially avirulent (20, 36, 40) . The constitutive activation of PrfA via mutation results in the expression of virulence genes under conditions that normally tightly repress expression, and this in turn appears to increase bacterial virulence in animal models of infection (54) . The work presented here underscores the diversity and scope of processes underlying L. monocytogenes interactions with host cells that are influenced and enhanced by PrfA activation.
ActA, InlA, and InlB are PrfA-regulated gene products with demonstrated contributions to bacterial invasion of epithelial cells (1, 5, 13, 22, 28, 29, 41, 57) . Expression of these bacterial a Monolayers of Henle 407 and PtK2 cells were infected with L. monocytogenes grown to stationary phase as described in Materials and Methods. An MOI of 300:1 was used for ⌬hly strains to facilitate the identification of any cytosolic bacteria; an MOI of 30:1 was used for the mutant prfA constructs. At 7 h postinfection, monolayers were fixed and stained for L. monocytogenes with an anti-Listeria antibody and tetramethylrhodamine goat anti-rabbit antibody to detect bacteria and NBD-phallacidin to detect actin.
b At least 50 PtK2 or Henle host cells were counted in at least 10 different microscopic fields. The percentages reflect the mean percentages of host cells associated with either Յ5 bacteria per cell or Ͼ5 bacteria per cell Ϯ the standard error. The results are reported from at least three independent experiments.
c Bacteria associated with host cells were scored for association with host cell actin. The numbers reflect the percentages of associated bacteria that colocalized with F-actin or were associated with actin tails. The numbers given in parenthesis within the table reflect total numbers of cell-associated bacteria examined. The results are expressed as the means Ϯ the standard errors for three separate experiments.
surface proteins is upregulated in prfA E77K and prfA G155S strains, and both prfA mutant strains exhibited increased invasive capacity for epithelial cells (54) (Fig. 2) . Both InlA and InlB were found to contribute to the increased invasive capacity of the L. monocytogenes prfA mutant strains, and the important role of these two surface proteins in host cell invasion has been well documented for many cell types (12, 13) . Less obvious is the relevance of the contributions made to invasion by ActA. ActA is normally expressed at low to undetectable levels in standard broth culture and prior to bacterial entry into host cells (19, 43, 53) . Once L. monocytogenes reaches the cytosol, actA expression increases several hundredfold and becomes one of the most predominant bacterial surface proteins (7, 19, 43, 53) . As a result of its expression patterns, ActA appears to contribute little to bacterial invasion of tissue culture cells under normal conditions (Fig. 3) . Its contributions are more pronounced when expressed at high levels on the bacterial surface (57), as evidenced by its contributions to invasion for prfA E77K and prfA G155S strains (Fig. 3) . It is tempting to speculate that augmentation of bacterial invasion as mediated by ActA may play a role if infected cells containing cytosolic L. monocytogenes are lysed and bacteria are suddenly released into the extracellular milieu. Under these conditions, ActA might help to promote rapid bacterial entry into nearby cells and reduce L. monocytogenes's vulnerability to humoral host defenses.
Perhaps most striking was the enhancement of invasion observed in response to high-level expression of the hly-encoded gene product LLO (Fig. 4) . A recent report by Dramsi and Cossart (16) has described LLO-enhanced invasion of the human epithelial cell line Hep-2, and has demonstrated that LLO induces the mobilization of extracellular Ca 2ϩ into Hep-2 cells to activate Ca 2ϩ -dependent signaling pathways that are required for efficient cell invasion. Our results confirm the contributions of LLO to host cell invasion when the protein is expressed at high levels, since L. monocytogenes prfA mutants were 10-fold more invasive in the presence of LLO expression than in its absence (Fig. 4) . It is interesting that LLO appears to mediate an opposite effect on bacterial invasion in macrophage cells. Wadsworth and Goldfine (64) reported that LLO delayed the entry of L. monocytogenes into the mouse macrophage-like cell line J774. It appears therefore that L. monocytogenes in some instances promotes its entry into selected cell types (such as epithelial cells) while delaying its entry into others (such as macrophages). Although macrophages are considered a significant portal of entry for L. monocytogenes into animal hosts (61), activated macrophages have been shown to effectively kill L. monocytogenes (45, 50) , thus they would be just the type of cell that L. monocytogenes would do well to avoid.
Strains containing prfA E77K or prfA G155S mutations were enhanced for bacterial escape from host cell vacuoles and actin polymerization ( Fig. 6 and Table 3 ). The enhancement for vacuolar escape was most evident after the infection of PtK2 epithelial cells with the ⌬hly prfA E77K and ⌬hly prfA G155S mutant strains. L. monocytogenes that lack the hly-encoded gene product LLO are normally unable to mediate lysis of vacuole membranes in murine cells and within PtK2 cells. The ability of the prfA mutants to reach the cytosol of PtK2 cells in the absence of LLO indicates that the increased expression of other PrfA-dependent gene products, such as perhaps PlcB and PlcA, is capable of mediating lysis of some host cell vacuoles. This enhanced escape ability is not observed for all cell types, as witnessed by the inability of these strains to escape from the vacuoles of mouse J774 macrophage-like cells or mouse L2 fibroblast cells (Mueller, unpublished). These observations imply that the composition of the vacuole membrane differs between PtK2 cells and J774 or L2 cells. It has previously been a puzzle as to why L. monocytogenes can mediate escape from the vacuole in the absence of LLO in certain cell types, such as human epithelial cells, fibroblasts, and dendritic cells (47, 49) , but not in other cell types. It is possible that the vacuoles of cells such as J774 macrophages or L2 fibroblasts differ in membrane composition from those present in human cell lines or that the vacuole environment of human cells induces expression of phospholipases that are not induced within the vacuoles of other cell types. The ability of the prfA E77K and prfA G155S mutant strains to mediate LLO-independent vacuole lysis in PtK2 cells indicates that PrfA activation is sufficient for vacuole membrane disruption in PtK2 cells in the absence of LLO. The failure of the prfA mutant strains to mediate vacuole lysis within J774 or L2 cells suggests that these vacuole membranes are sufficiently different in composition to prevent lysis in spite of PrfA activation.
L. monocytogenes strains containing the prfA E77K mutation differed from bacteria containing the prfA G155S in that the former strain produced signs of plasma membrane disruption in infected host cells, whereas the latter strain did not ( Fig. 5 and Table 2 ). prfA E77K-dependent host cell membrane damage was linked to LLO expression, an observation that suggests that the two prfA mutants may differ with respect to the amounts of LLO (or factors that work in concert with LLO) produced by bacteria within host cells. prfA E77K strains secreted amounts of hemolytic activity that were equivalent to prfA G155S strains in broth culture; however, prfA G155S strains exhibited higher levels of expression of actA and plcB ( Fig. 1) (54) . It is clear that the E77K and G155S substitutions do not result in equivalent alterations of PrfA function and, indeed, the mutations are located in structurally different locations within the protein. The G155S mutation is located near the DNA-binding helix-turn-helix motif within PrfA, whereas E77K is located within a region near the PrfA dimer interface located opposite of the DNA-binding region (59) . It is possible that the G155S alters PrfA function by inducing conformational changes in PrfA that expose the DNA-binding region of PrfA and enhance the ability of the protein to bind target promoters, as has been suggested for analogous substitutions within the cyclic AMP receptor protein (24) . The E77K mutation may influence a separate aspect of PrfA activation, possibly by enhancing dimer formation. Biochemical and structural analyses of the effects of PrfA mutations on various aspects of PrfA function are currently in progress.
In summary, it is clear that multiple aspects of L. monocytogenes pathogenesis are enhanced by the constitutive activation of PrfA. The prfA E77K and prfA G155S mutations (i) increased bacterial invasion of epithelial cells in a manner dependent upon the expression of several PrfA-regulated proteins (InlA, InlB, ActA, and LLO), (ii) enhanced escape from the vacuoles of epithelial cells and enabled escape from certain vacuoles in the absence of LLO, and (iii) facilitated rapid bacterial association with host cell actin. Each of these activities should serve to promote L. monocytogenes replication and survival within host cells and together may translate into the enhancement of virulence observed for prfA E77K and prf G155S mutant strains in mice (54) . The fact that L. monocytogenes strains containing constitutively activated mutant alleles of prfA have distinct phenotypes in vitro and in vivo suggests that in specific environments PrfA is normally inactive or may function at a lower level of activity than that observed for the mutationally activated PrfA proteins. Overexpression of virulence genes by prfA E77K and prfA G155S strains serves as a useful tool for gaining insight into L. monocytogenes pathogenesis and the regulation of virulence genes in vivo. Future work will focus on defining exactly how the E77K and G155S mutations influence PrfA conformational structure, thereby altering the biochemistry of PrfA-catalyzed activities.
